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ANALYSIS AND RADIANT HEATING TESTS OF A HEAT-PIPE-COOLED LEADING EDGE

Charles J. Camarda
Langley Research Center

SUMMARY

The performance of a heat-pipe-cooled leading edge was investigated experi-
mentally and analytically. The test model and radiant heaters were positioned
to simulate aerodynamic heating distributions and gravity effects at angles of
attack of 09, 109, and 20°. Steady-state stagnation heating ranged from
239 kW/m2 (21.1 Btu/ft2-sec) to 395 kW/m2 (34.8 Btu/ft2-sec) with heat pipes
operating at temperatures of 883 K (11309 F) and 922 K (1200° F), respectively.

A simple analytical technique was used to determine startup, transient, and
steady-state performance of the heat pipes during testing. The analysis calcu-
lates temperatures by a lumped-system method which uses a volumetric heat capac-
ity per unit length of heat pipe. Rates of continuum vapor region growth were
determined by satisfying simple energy balances. Experimental results agreed
well with calculated results for the thermal behavior of the leading edge.
Results verified successful operation of the leading edge for all tests, includ-
ing the design condition which simulated the reentry heating environment of a
Phase B shuttle orbiter.

INTRODUCTION

The wing leading edge is a critical area of reusable space transportation
systems because of the hostile thermal environment experienced during Earth
entry. Temperature levels along the stagnation line of an uncooled leading edge
can exceed the thermal-structural capabilities of metals and thus necessitate
the use of ceramic or ablative materials. In addition, large temperature gradi-
ents produced by steep variations in the aerodynamic heating near the stagnation
line can induce thermal stresses in uncooled leading edges (ref. 1) unless com-
plex load-alleviating features are incorporated in the structural design.

The use of heat pipes has been examined as a means of lowering the peak
temperatures and alleviating the thermal gradients associated with leading edges
of reusable reentry vehicles (refs. 1 to 4). Results of references 2 and 3,
which compare heat-pipe-cooled with ablative, carbon-carbon, and coated-
columbium leading edges, suggest the viability of a heat-pipe-cooled concept.

As described in reference 1 and in appendix A on heat-pipe operation, heat pipes
can efficiently transport heat from the hot stagnation region to cooler aft sur-
faces of the wing, where the heat is radiated to free space.

The purpose of this study is to investigate, analytically and experimen-
tally, the performance of a heat-pipe-cooled leading edge exposed to varying
heating levels and distributions representative of different angles of attack.
The experimental investigation used an approximately 1/2-scale test model which
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was designed and fabricated, as described in references 3 and 4, to establish
the feasibility of a full-scale leading-edge concept for a Phase B shuttle orbi-
ter. The model, which consists of 12 sodium-filled Hastelloy X heat pipes, was
designed to reduce temperatures of the leading edge from 1590 K (2400° F) to
less than 1285 K (18500 F) for a cold-wall stagnation heat flux of U408 kW/m2

(36 Btu/ft2-sec).

This paper presents experimental results from radiant heating tests of the
leading-edge model in which maximum cold-wall stagnation heating ranged from
239 to 395 kW/m? (21.1 to 34.8 Btu/ft2-sec). The model and heaters were posi-
tioned to simulate aerodynamic heating distributions and gravity effects for
level flight at angles of attack of 09, 109, and 20°. 1In the first six tests
heating levels were increased in steps until the desired test conditions were
reached. The final test simulated the cold-wall reentry heating environment of
a Phase B shuttle orbiter.

In addition, this paper presents calculated results which were obtained by
using a method of analysis similar to those presented in references 1 and 5.
Heat-pipe startup behavior and temperatures were calculated by a lumped-system
technique which satisfied simple energy balances. Comparisons of calculated and
experimental results for two tests are presented.

SYMBOLS

Values are given in both SI Units and U.S. Customary Units. Measurements
and calculations were made in U.S. Customary Units.

A cross-sectional area, mé (ft2)
a speed of sound, m/s (ft/sec)
C volumetric heat capacity per unit length of heat pipe,

J/m-K {Btu/ft-°F)

specific heat at constant pressure, J/kg~-K (Btu/lbm-°F)

°p

D diameter of vapor space, m (ft)

Fq2 geometric form factor from heater to leading edge
gc dimensional constant, g-m/N-s2 (1bm-ft/lbf-sec?)
heg latent heat of varporization, J/kg (Btu/lbm)

k ratio of specific heats of vapor

L length, m (ft)

M molecular weight, g/mole (lbm/mole)

Q heat input, W (Btu/sec)



ST

T*

At

u

)

axial heat transport, W (Btu/sec)

heat lost by radiation, W (Btu/sec)

sonic heat transport rate, W (Btu/sec)

heat flux, W/m2 (Btu/ftl-sec)

heat per unit length, W/m (Btu/ft-sec)

universal gas constant, J/mole-K (ft-lbf/mole-OF)

chordwise surface distance measured from nose, m (ft)

total surface distance from nose to end of leading edge, m (ft)
temperature, K (°F)

temperature above which continuum flow conditions are assumed to exist
in the vapor space, K (OF)

time, s (sec)
incremental time step, s (sec)
variable length along axis of heat pipe, m (ft)

coordinate measured from center of model along span (shown in
table I), m (ft)

angle of attack, deg

porosity

angle measured from the horizontal, deg
mean free path, m (ft)

viscosity, g/m-s (1lbm/ft-sec)

density, g/m3 (1bm/ft3)

Subscripts:

(¢}

e

hx

condenser
evaporator
Hastelloy X

lower



m molecular flow

max maximum

Ni nickel

Na sodium

t stagnation conditions
ss stainless steel

u upper

v vapor

MODEL AND APPARATUS

A heat-pipe-cooled leading edge was designed for a Phase B shuttle orbi-
ter, and an approximately 1/2-scale thermal model was designed and fabricated
(refs. 3 and 4) to verify feasibility of the concept. Sodium was chosen as the
working fluid because of its high heat transport capacity and its compatibility
with nickel-base superalloys at expected operating temperatures. The leading
edge was coated with a high-emissivity ceramic paint to facilitate heat rejec-
tion by radiation from its surface.

The test model, shown in figure 1, is 15 cem (6 in.) in span and has a chord
length of 56 ecm (22 in.). It consists of 12 sodium-filled heat pipes brazed to
the inner surface of a thin (0.051-em (0.02-in.)) Hastelloy X skin. The heat
pipes are Hastelloy X tubes with an outer diameter of 1.27 cm (0.5 in.), a wall
thickness of 0.127 em (0.05 in.), and a wick thickness of 0.089 em (0.035 in.).
The wick consists of seven alternate layers of 100~ and 200-mesh stainless steel
screen and is a concentric annulus design. (See fig. 1.) The 200-mesh screen
is located at the outer and inner surfaces of the wick to insure good liquid con-
tact with the tube wall and a high capillary pumping capability. Both the sides
and the back of the test model are covered with insulation to prevent heat loss
from the inner cavity of the model during testing.

The test model and test conditions differed from the full-scale design and
flight conditions in three areas: (1) the test model thickness was about one-
half the orbiter wing thickness, (2) testing took place in a 1g envionment, and
(3) test angles of attack ranged from 0° to 20°. The cross-sectional area of
the test-model wick was scaled, as described in reference 3, to equilibrate the
capillary pumping head for both the flight test and a 10° angle-of-attack test.
Satisfactory performance of the test model when pitched 10° upward from the hori-
zontal for typical reentry heat loads would, therefore, insure adequate wick
capability of the flight design. An explanation of heat pipe operation and its
application to leading-edge cooling is given in appendix A.

Three radiant heaters, shown in figure 2, were used to simulate aerodynamic
heating distributions over the surface of the model. Each heater was 30.5 by
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30.5 em (1 by 1 ft) and consisted of 16 quartz iodine lamps. Each lamp had an
output of 6 kW (5.69 Btu/sec) at a rated voltage of U480 V and an overall lighted
length of 24.76 cm (9.75 in.). The lamps in each heater were spaced 1.27 cm
(0.5 in.) apart in front of a gold-plated water-cooled reflector. The method
used to determine the position and orientation of the heaters is described in
appendix B.

INSTRUMENTATION AND DATA ACQUISITION

Twenty-seven chromel-alumel thermocouples, located as shown in table I,
were spot-welded to the outer surface of the heat pipes inside the model. Two
thermocouples (thermocouples 1 and 2) were bonded to the backside of the skin
between two heat pipes near the stagnation region, where maximum temperatures
were predicted.

Twenty-three heat-flux gages (18 thermopile gages and 5 water-cooled calo-
rimeter gages), located as shown in table II, were used to measure the incident
heat flux distribution over the surface of the model. As shown in figure 2, the
thermopile gages were bonded to the surface of the model and the calorimeter
gages were attached to the side of the model. The thermopile gages were cali-
brated to measure cold-wall heating rates as a function of gage surface tempera-
ture and gage output. Because of the nonlinearity of the gage response, a poly-
nomial regression analysis was used to obtain a relation between gage output,
incident heat load, and gage surface temperature. Three calorimeter gages
(gages 1 to 3) were used in separate feedback control loops to regulate output
of each lamp bank individually according to preprogrammed heating histories.

The outputs of the thermocouples and thermopile gages were recorded by a
steady-state recording system sampling at a rate of 20 frames per second.

TESTS

The leading-edge model was tested at simulated angles of attack of 0°, 10°,
and 20° at maximum cold-wall stagnation heating levels of 239 to 395 KW/m?
(21.1 to 34.8 Btu/ft2-sec). (See table III.) Angle of attack was simulated by
orienting the model at an angle with respect to the horizontal to obtain the
desired gravity effect and by positioning the radiant heaters to provide a heat-
ing distribution representative of the aerodynamic heating distribution at that
angle. (See appendix B.) The normalized heating distribution was kept constant
while the magnitude of heating varied following a preprogrammed 30-min heating
history. In the first six tests, the magnitude of heating was increase slowly
in step increments to avoid the potential startup problems described in appen-
dix A. For test 1 (the only one of the first six tests discussed in detail), the
stagnation heat input was increased over a period of 16 min to a maximum value
of 239 kW/m2 (21.1 Btu/ftZ-sec). The heating distribution was symmetric, as
shown in figure 3, and the model angle of attack was zero.

In the final test (test 7) the heat pipe leading edge was subjected to a

thermal history which simulated the design transient reentry heating described
in reference 3. The model was pitched 10° up from the horizontal during testing
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and a simulated aerodynamic heat load representative of that for 100 angle of
attack, shown in figure Y4, was maintained over the model surface.

RESULTS AND DISCUSSION

Table III lists the maximum cold-wall stagnation heat flux and maximum heat
pipe operating temperature of each test. The inconsistent variation of maximum
temperature and heat flux between tests 1 and 2 is believed to be the result of
the unexplained drop in heat flux at the stagnation point (see fig. 3) during
test 1. The heat pipe was successfully operated at each of the tabulated condi-
tions with no hot spots or other abnormalities that would be indicative of an
approach to one of the operating limits. (See appendix A.) The capillary pump-
ing limit (appendix A) was not approached during the tests for any of the angles
of attack tested (0°, 109, and 20°); variations in angle of attack had a negligi-
ble effect on heat pipe performance. From the multiple successful tests, it can
be inferred that redistribution of liquid sodium during cooldown did not have a
deleterious effect on the startup or operation of the heat pipes; a sufficient
amount of sodium for startup solidified in the stagnation region and insured
continued successful tests.

Because the results of the step heating tests were similar, only the
results of tests 1 and 7 are described in detail.

Stepped Heat Input (Test 1)

Based on the results of reference 5, it was anticipated that the heat pipes
would exhibit a frontal startup. This type of startup can be expected when heat
is applied to a heat pipe in which the working fluid is initially frozen. It
occurs because the vapor pressure associated with the solid state is so low that
molecular flow conditions, instead of continuum flow conditions required for
heat pipe operation, exist in the vapor space. As heat is added, the vapor pres-
sure in the area of highest heat flux increases sufficiently for continuum flow
to be established and the heat pipe becomes operational locally. As more heat
is added, the continuum region grows into the molecular flow region. This
growth 1s perceived as an abrupt increase in the local temperature as the contin-
uum front passes and the heat pipe becomes operational in that area.

The abrupt increases in the experimental temperature histories at approxi-
mately 600 s and 1150 s for s/sp = 0.23 and 0.88, respectively, shown in fig-
ure 5, are typical of a frontal startup. Other discontinuities in the slopes of
the temperature histories result from the step increases in the heating rates.
(See top of figure.) After each increase in heating the temperature increases
and reaches a quasi-steady-state value for that level of heating.

The calculated results shown in figure 5, which were obtained by the lumped-
system method given in appendix C, provide a surprisingly good approximation of
the overall performance of the heat pipe, considering the simplistic representa-
tion of the physical model. The good agreement between the calculated and experi-
mental results tends to confirm the sonic limit as the controlling factor in
determining the rate of growth of the continuum region, as postulated in the
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analysis, and corroborates the results of references 1 and 5. During the startup
phase, calculated results underpredict the temperature of the continuum region
and overpredict time of passage of the continuum front. One possible explana-
tion for the lower calculated temperature during this phase is that gasdynamic
choking of the vapor during startup causes large axial pressure - and hence tem-
perature - gradients, as described in reference 6. Since the mathematical model
assumes incompressible vapor flow and an isothermal continuum region, differ-
ences in calculated and experimental results occur during this phase of
operation.

Calculated values for the steady-state temperatures, at t 2> 1700 s, are
higher than experimental values by 17 K (30° F). This is probably the result of
free convection from the model and heat losses through the insulation covering
the back and sides, which were not considered in the analysis. For the levels
of heating involved, an approximation of the heat losses by convection from the
upper and lower surfaces of the model shows that a 17 to 56 K (30o to 100° F)
decrease in operating temperature is possible.

The analysis yields no information on the actual temperature rise rates
encountered during the passage of the continuum front. As shown in figure 5,
the actual rise rate is considerably less than the instantaneous transition
assumed in the analysis, probably because of axial conduction, which was
neglected in the analysis.

A more comprehensive summary of the predicted and measured growth of the
continuum region is given in figure 6, which is a plot of the continuum region
length as a function of time. The approximate time that startup begins, as
obtained from the figure, is between 400 and 550 s and occurs at a temperature
(fig. 5) between 561 and 728 K (550° and 850° F). The calculated value of tem-
perature above which continuum flow was assumed to occur T* was 700 K (800° F)
(appendix C). The discontinuity in slope of the calculated curve shown in fig-
ure 6 is due to the discrete nature of the mathematical model used to determine
continuum region growth rates in various sections of the model. Because the
model was heated slowly, it takes approximately 750 s, measured from the time
continuum flow is initiated at the stagnation region, for the continuum vapor
front to reach the ends of the heat pipe. Calculated values, although slightly
overpredicting the time of continuum front passage, agree well with experimental
values.

Typical axial temperature distributions encountered during the startup and
steady-state conditions are shown in figure 7. At times less than 550 s the tem-
perature distribution over the leading edge is similar to that of an uncooled
structure, since no continuum flow has been established in the heat pipe. After
continuum flow is established, the isothermal continuum region grows, as shown
by the curves faired through the experimental data points. At t = 1500 s, a
relatively isothermal condition exists for an operating temperature of 883 K
(1130° F); the maximum temperature difference from the stagnation point ‘to the
end of the heat pipe in the upper section of the leading edge AT is 67 K
(120° F). The maximum steady-state value of AT diminishes with increasing
operating temperatures; in test 6 this temperature differential reduces to
5.6 K (10° F) for an operating temperature of 1022 K (1380° F).



Comparison of Cooled and Uncooled Leading Edge

As shown in figure 7, temperature gradients for the fully operational
heat pipe are small and probably produce negligible thermal stresses. However,
during the startup phase, large axial temperature gradients develop and are
comparable with those of an uncooled leading edge. At t = 1000 s, for exam-
ple, an axial temperature gradient of 4370 K/m (2400° F/ft) occurs at station
s/sp = -0.75. From figure 8, the maximum calculated thermal gradient of an
uncooled leading edge at steady-state conditions occurs at s/st = #0.1 and is
6560 K/m (36000 F/ft). The benefits obtained by using heat pipes to cool the
leading edge of a high-speed vehicle’can be seen in figure 8 by comparing the
radiation equilibrium temperature distribution of an uncooled leading edge with
the temperature distribution of the heat-pipe-cooled leading edge for the same
heating environment. Once fully operational, the heat-pipe-cooled leading edge
virtually eliminates axial temperature gradiéents and reduces peak temperatures
by 583 K (10500 F). Available superalloys can thus be used in the construction
of the leading edge.

Shuttle Reentry Simulation Tests

Figure 9 shows the temperature history of three locations along the upper
surface of the leading edge. The heat pipe was fully operational before a peak
reentry heat flux of 390 kW/m? (34.l4 Btu/ft2-sec) was reached. The simple analy-
sis method proved accurate in predicting heat pipe startup behavior for shuttle
reentry conditions. As in the stepped heat input tests, differences between cal-
culated and experimental values of temperature probably occur because of large
axial vapor temperature gradients during startup and convective heat losses at

high operating temperatures.

Because of the unsymmetric heating distribution at a 10° angle of attack
(fig. 4), the calculated rates of continuum region growth in the upper and lower
sections of the leading edge, shown in figure 10, are no longer symmetric. The
higher heat load over the lower surface caused the continuum region to propagate
faster there and reach the end of the tube in the lower section 100 s before it
did in the upper section. Because of the high rate of heat addition, the heat
pipes became fully operational only 350 s after continuum flow was established
in the evaporator.

This test verified that a sodium heat-pipe-cooled leading edge could with-
stand reentry heating conditions of a Phase B shuttle orbiter and could reduce
peak temperatures sufficiently to allow the use of existing superalloys in its
construction. The test also established that the time required for the heat
pipes to become fully operational is adequate for the design condition. No seri-
ous limiting conditions were encountered during testing, and once the heat pipes
were fully operational, they remained nearly isothermal with a maximum tempera-
ture difference from evaporator to condenser of 5.6 K (10° F) at an operating
temperature of 939 K (1230° F).
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CONCLUDING REMARKS

The thermal behavior of a heat-pipe-cooled leading-edge test model sub-
jected to anticipated Earth-entry thermal loads has been investigated. The test
model and radiant heaters were used to simulate aerodynamic heating and gravity
effects for level flight at angles of attack of 0°, 109, and 20° with variations
in maximum stagnation heating from 239 to 395 kW/mé (21.1 to 34.8 Btu/ft2-sec).
Seven tests were conducted, one of which simulated the transient reentry heating
environment of a Phase B shuttle orbiter.

No serious startup or other limiting conditions developed during testing;
variations in angle of attack had a negligible effect on heat-pipe operation.
Also, redistribution of the liquid sodium during cooldown did not have a dele-
terious effect on restartup of the heat pipes for successive tests. The heat
pipes remained nearly isothermal during steady state, the temperature differ-
ence between the evaporator and condenser being a maximum of 67 K (120° F) at a
maximum operating temperature of 883 K (1130° F) and a minimum of 5.6 K (10° F)
at a maximum operating temperature of 1022 K (1380° F).

Although results of the tests verified that the model could withstand a
reentry aerodynamic heating environment, large axial temperature gradients pro-
duced during the startup phase could lead to large thermal stresses. Such condi-
tions produced during this phase could become critical design considerations.

An analysis method based on a relatively crude mathematical model which
used a lumped-system technique to determine temperatures proved accurate in
predicting the thermal behavior of the leading edge. Rates of continuum vapor
region growth during the startup transient which were predicted using simple
energy balances agreed well with experimental results.

Langley Research Center

National Aeronautics and Space Administration
Hampton, VA 23665

May 23, 1977



APPENDIX A

HEAT PIPE OPERATION
Description

A heat pipe is an efficient heat transfer device which can transport heat
energy nearly isothermally at high rates and over long distances without the
need for external pumping. Figure 171 is a schematic diagram of heat pipe opera-
tion as applied to leading-edge cooling. A heat pipe is composed of a con-
tainer, a wick, and a working fluid. A high local heat input to one section of
the leading edge (evaporator section) is conducted through the skin and con-
tainer wall into the wick—working-fluid matrix, where it is absorbed by the
evaporation of the working fluid. The heated vapor then flows, because of a
pressure differential, from the hot evaporator region to the cooler aft surfaces
of the leading edge (condenser sections), where it condenses and gives up its
stored heat. The heat is then conducted radially through the wick-—working-
fluid matrix and container wall and is rejected by radiation to free space. The
cycle is completed with the return flow of liquid condensate to the evaporator
section by the capillary action of the wick. The location and extent of the
evaporator and condenser sections, which are by definition areas in which there
is a net heat inflow or outflow, respectively, are dependent upon the magnitude
and distribution of heating and will vary to satisfy an overall energy balance.

Because of the mechanism of heat transfer involved, evaporation and conden-
sation, heat pipes using working fluids with high latent heats of vaporization
can achieve very high heat transfer rates. Heat pipes are therefore suited for
applications involving structural cooling and/or isothermalization. As illus-
trated in figure 11, a heat-pipe-cooled leading edge can accept a high net heat
input over a small area, the evaporator section, and reject it over a larger
area, the condenser section. This redistribution of heating can cause a consid-
erable reduction in peak stagnation temperatures, often to a level compatible
with a metallic structural design.

Heat Transport Limitations

A given heat pipe can operate over a range of temperatures; however, at
each temperature there is a maximum axial heat transport capacity above which
normal heat pipe operation is disrupted. Four heat pipe operational limits are
considered: the sonic limit, the entrainment limit, the capillary pumping or
wicking limit, and the boiling limit. The maximum axial heat transport capacity
at a particular heat pipe operating temperature is governed by the lowest calcu-
lated operating limit at that temperature. The four limits are described in the
following sections.

Sonic limit.- Since the primary mode of heat transfer in a heat pipe is by
the absorption and rejection of energy by the latent heat of vaporization of the
working fluid, the axial heat transfer, and hence mass transfer, must accommodate
the net heat input to the evaporator region. A high heat input rate or a low
vapor density can cause the vapor velocity to become sonic in order to attain the
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necessary axial heat transport required. When the vapor velocity becomes sonic,
flow choking limits the amount of axial heat transfer. Although the sonic limit
does not normally cause failure, it can increase the operating temperature and
lead to other operating limits,

Entrainment limit.- In a heat pipe the liquid and vapor are usually in
direct contact and are flowing in opposite directions. The high-velocity vapor
exerts a drag force on the liquid, which is resisted by the surface tension of
the working fluid. If this drag force is sufficiently high, some of the return-
ing liquid condensate can become entrained or trapped in the vapor passage and
thus reduce the amount of liquid in the wick flowing to the evaporator section.
This could lead to dryout of the wick in the evaporator section and overheating.

Capillary pumping limit.- The capillary pumping limit is reached when the
surface-tension pumping capability of the wick is just sufficient to provide the
liquid mass flow rate needed to balance the applied heating rate. If this limit
is exceeded, the pressure difference between the liquid and vapor, which is bal-
anced by the surface tension of the curved liquid-vapor interface in the wick
pores, will cause the destruction of the interface; liquid will flow into the
vapor space and the heat pipe will overheat in the evaporator section. The cap-
illary pumping limit can be increased by reducing the liquid and/or vapor flow
resistance in the axial direction and by reducing the wick pore size at the
liquid-vapor interface in the evaporator section.

Boiling limit.- Vaporization of the working fluid normally occurs in the
evaporator section of the heat pipe at the liquid-vapor interface. At high heat
input levels, however, the superhedted liquid can reach a critical value at
which boiling can occur near the tube wall. The boiling limit is reached when
the heating rate is high enough to cause the formation of a continuous vapor
film (film boiling) at the tube wall which inhibits radial heat transfer to the
liquid. This limit is usually not a severe problem with heat pipes using liquid-
metal working fluids because of the high thermal conductivity of the working
fluid and the large amount of superheat needed to initiate boiling.

Calculated heat transfer performance limits.- Figure 12 is a design enve-
lope for the leading-edge test model at angles of attack of 0° and 10°. The
heat transported axially from the evaporator to the condenser section is plotted
against the operating temperature of the heat pipe. References 7 and 8 were
used to obtain material property data as a function of temperature. Values for
the ‘entrainment and sonic limits were obtained from references 1 and 6, respec-
tively. The wicking limit, or capillary pumping limit, was determined by using
equations given in reference 9. As shown in figure 12, the effect of gravity
aids the capillary pumping action in the upper section and raises the wicking
limit accordingly. The calculation of the boiling limit is highly dependent on
the choice of the effective radius of the critical nucleation cavity. Several
methods were used to calculate the boiling limit and all methods indicated that
the maximum desired test heating rate was below this limit.

The feasible operating region shown in figure 12 is bounded by the sonic
limit at low operating temperatures and by the entrainment limit and wicking
limit at higher temperatures. The boiling limit was not an active constraint
for temperatures less than 1255 K (1800° F) and was therefore not plotted. The
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APPENDIX A

calculated heat transfer performance limits were monitored in the analysis
(appendix C) to identify possible abnormalities in heat-pipe operation.

Startup

For liquid-metal heat pipes, operation from ambient conditions requires
proper startup of the heat pipe from a frozen state (i.e., the working fluid is
solid). During ambient conditions the vapor density is extremely low and molec-
ular flow conditions prevail throughout the heat pipe; heat input increases the
vapor density in the heated region and a continuum flow condition is eventually
reached. The continuum region grows until it reaches the ends of the heat pipe,
or stops short of the ends of the heat pipe because of a lower-than-design heat-
ing condition. This high-temperature continuum region melts the solid sodium in
adjacent sections of the heat pipe as it propagates down the vapor passage. If
the heat is input at a high rate, dryout of the liquid sodium in the evaporator
section can occur before sufficient sodium is melted to replenish it. Also,
large pressure, and hence temperature, gradients occur during the startup phase
and must be accounted for in the design. The startup phase begins at the onset
of continuum flow in the evaporator and ends when continuum region growth either
ceases or encompasses the entire vapor space of the heat pipe.

Further detailed explanations of heat pipe theory and limit calculations
can be found in references 1 and 5 to 14,
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APPENDIX B

CONFIGURATION OF RADIANT HEATERS

The position and orientation of the radiant heaters were determined by an
analysis of the geometric form factors between the heaters and the heat pipe
leading edge. It was possible to use these form factors, which were generated
using CONFAC II (ref. 15), to assess the performance of the heaters, since for
a uniform heating source the normalized form-factor distribution is indicative
of the normalized incident-heating distribution over the model.

A configuration consisting of a single vertical heater was analyzed, and
the results indicated the need for auxiliary heaters to simulate the cold-wall
reentry heating distributions of reference 3 over the aft surfaces of the model
for angles of attack of 09, 109, and 20°.

The leading edge was modeled by twenty-~three 5.08- by 0.64-cm (2- by
0.25-in.) rectangular elements, which represented a slice from the center por-
tion of the leading edge. Each lamp bank was modeled by six 5.08- by 30.5-cm
(2~ by 12-in.) rectangular elements. The form factors of each element were
then summed and normalized for each configuration analyzed.

Results of the form-factor analysis of a heating simulation for 0° angle of
attack and a single vertical radiant heater are shown in figure 13. The leading
edge was positioned in the center of the heater at a horizontal distance of
2.54 cm (1 in.) from the heater. This distance was large enough to insure uni-
form heating from the lamp bank. For the single heater configuration the simula-
tion of the normalized aerodynamic heating over the aft section of the leading
edge was poor, with a maximum difference of 10 percent occurring at
s/sT = *0.33.

The addition of auxiliary heaters was investigated in an attempt to improve
the distribution over the aft section of the leading edge and to provide for
heating distributions at other angles of attack. Normalized form-factor distri-
butions for a single auxiliary heater at three different orientations (8 = 109,
209, and 30°) are shown in figure 14. These distributions were scaled and
added to the form factors for the single heater so that tlhe sum of the form fac-
tors of a three-heater configuration would duplicate the theoretical aerodynamic
heating distribution of reference 3 at s/sp = 0.33. During the tests calorime-
ters at s/st = 0.0 and #0.33 were used to control the output of the vertical
heater and upper and lower auxiliary heaters so that the heating level at these
locations would match the theoretical cold-wall heating.

Based on the form-factor analyses the heater configurations presented in
figure 15 were selected as providing the best heating distributions for the three
angles of attack (0°, 10°, and 20°). The desired (ref. 3), calculated, and
measured heating distributions for angles of attack of 0° and 10° are shown in
figures 3 and 4, respectively. The poorer agreement for the thermopile gages in
figure U is believed to result from a loss of accuracy of the gages because of
gage bonding problems, which increased during testing.
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APPENDIX C

ANALYSIS
Description

The analysis method used to model the startup, transient, and steady-state
performance of a heat-pipe-cooled leading edge is similar to but somewhat more
general than that of reference 1. Although most of the assumptions involved are
identical, the present method uses more discrete sections to model the leading
edge and an expression for the sonic heat transport rate Qg which incorporates
axial compressibility effects in its computation. Also, an a priori knowledge of
the lengths and locations of evaporator and condenser sections is not necessary.
As in reference 1, a lumped-system method is used to analyze a single heat pipe
which is representative of the complete leading edge.

In the analysis it is assumed that the temperature of the heat pipe is
initially below the melting point of the working fluid (i.e., frozen) and, con-
sequently, the vapor pressure is low. Thus, molecular flow conditions exist
throughout the heat pipe, and axial heat transfer is very low. As heat is
applied, the temperature and vapor pressure of the most highly heated region
increase until continuum flow conditions are established in that region. Within
the continuum flow region the effective axial coefficient of heat transfer is
very large; thus a nearly uniform temperature is maintained throughout the
region. Additional heating causes the temperature of the continuum region to
increase and the continuum front to grow into the molecular flow region. The
growth rate of the continuum region is dependent upon the temperature of the
molecular region and the rate of axial heat transfer out of the continuum

region.

Ma jor Assumptions
The assumptions made in the present analysis are as follows:

(1) All heat is absorbed or rejected through the external skin surface;
that is, all heat pipe surfaces except the external skin are perfectly insu-
lated. All heat is input by radiation from the quartz lamp heaters and is
rejected by radiation to ambient temperature.

(2) At any axial station the temperature of the heat pipe is uniform.

(3) The heat capacity of the heat pipe can be represented by an effective
heat capacity per unit heat pipe length which is dependent upon temperature.
The heat of fusion of the working fluid is neglected.

(4) Molecular flow occurs when the mean free path of sodium molecules is
greater than 1 percent of the vapor-space diameter; continuum flow exists when
the mean free path is less than or equal to 1 percent of the vapor-space
diameter.

14
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(5) Axial heat transfer and heat rejection by radiation are negligible in
the molecular flow region.

(6) The temperature is uniform throughout the continuum flow region.

(7) An evaporator (condenser) is a section, within the continuum flow
region, in which the net external heat flow is into (out of) the heat pipe;
stored heat is not accounted for.

(8) During startup, sonic conditions exist at the evaporator exit or exits
and the axial heat transported to the condenser sections is Qg.

Initiation of Continuum Flow

Continuum flow is initiated in the region of highest heat input. It is
assumed to occur, as in reference 1, when the mean free path A is equal to or
less than 0.01D. The calculated value of temperature at which continuum flow
is considered to exist in the vapor space T* is determined from kinetic gas
theory by use of the following equation (from ref. 16, p. 274, in the present
notation):

2
T# = M (Hv_ (c1)
2goR\pyA
Since uy and py are temperature dependent, several iterations of equa-
tion (C1) were required to produce a value of T¥* which satisfied the equality.
A value for T* of 700 K (800° F) was obtained for the model with D = 0.84 cm
(0.33 in.).

Sonic Flow Limit

When continuum flow is established, axial heat transfer from the evaporator
section becomes substantial. During startup, axial heat transport is assumed to
occur at the exit or exits of the evaporator section at a rate Qs, the sonic
heat transport rate. The equation used to calculate Qg (from ref. 6, in the
present notation) is as follows:

pyaheg(T/4)D2

Qs =
[2(1{ + 1):] 172

(c2)

where a 1is the speed of sound, D is the diameter of the vapor space, 0Oy

is the vapor density, and k 1is the ratio of specific heats of the vapor.

This equation assumes one-dimensional compressible fluid flow and determines

Qs at the evaporator exit from conditions at the beginning of the evaporator.
Although this is seemingly inconsistent with the assumption of uniform continuum
region temperature, it tends to increase the accuracy of calculated continuum
region temperature during the startup period.

15



APPENDIX C
Effective Volumetric Heat Capacity

An effective volumetric heat capacity per unit length of heat pipe was cal-
culated as a function of temperature by the following equation:

C = (pcp)hXA1 + (pep)y A2 + (pcp)thg + E(OCP)NaAu + (1 - s)(pcp)ssAu (C3)

where Aq, A, A3, and Ay are the cross-sectional areas of the Hastelloy X
skin, nickel braze alloy, Hastelloy X tube, and stainless steel wick, respec-

tively. The effective heat capacity was used to calculate the temperature of

the molecular and continuum flow regions of the heat pipe.

Calculation of Molecular Flow Region Temperatures

The expression for the temperature of the molecular flow region is obtained
by equating the external heat input to the amount of heat stored in that region.
The temperature of the molecular flow region T, 1is determined by the following

equation:

Tp(t+At) = Tp(t) + T At (c4)
Cm

where q 1is the external heat input per unit length of the molecular flow
region, At 1is the incremental time step, Tp(t) 1is the temperature of the
molecular flow region at time t, Tp(t+At) is the temperature of that region

at time t + At, and Cy 1is the effective volumetric heat capacity of the molec-
ular flow region per unit length of heat pipe at temperature Tp(t).

Calculation of Continuum Flow Region Temperatures

Figure 16(a) is a diagram of a heat pipe which has not become fully opera-
tional. The continuum flow region consists of an evaporator section and two con-
denser sections (upper and lower). The lengths and locations of the continuum,
condenser, and evaporator sections, shown in the figure, are used in the follow-
ing equations to determine the temperature of the continuum region.

If the continuum region has not reached either end of the heat pipe, the
temperature is, from energy balance considerations,

(Q - Q) - 2Q5|At
(@~ & - 28]

Cxe

T(t+At) = T(t) + (C5)

where Q - Qr is the net heat input to a region, xg 1is the length of the evap-
orator section, and Qg is the sonic heat transport limit at temperature T(t).

If the continuum region reaches the end of the heat pipe in the upper
region only, the equation is

16
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c,u

[@- 80y + (@ - &)

- ds] At
Clxe + Xo,yu)

T(t+At) = T(t) + (C6)

Similarly, if the continuum region reaches the end of the heat pipe in the lower
region only, the subscript u is changed to %.

If the continuum region reaches both ends of the heat pipe (i.e., the heat
pipe is fully operational), the equation is

[(@-ap)g+ (@-0n),
C(L, + Lyg)

+ (Q = Qr-)c Q']At

T(t+At) = T(t) + cn

Continuum Region Propagation

The equations used to determine continuum region growth in the upper and
lower sections of the leading edge are dependent on whether the continuum region
propagating into the molecular flow region is an evaporator section or a conden-
ser section. The reason for the dependency is that during startup it was
assumed that the heat transport axially was Qg and that this sonic condition
occurred at the evaporator exit. Diagrams of both situations, evaporator or
condenser propagating into a molecular flow region, are shown in figures 16(Db)
and 16(c). The equation used to calculate continuum region growth is

Q, At
C T(t+At) - Cp Tp(t)

frae]
RE

x(t+At) = x(t) + (c8)

where for an evaporator propagating into a molecular flow region,
da = Qs
and for a condenser propagating into a molecular flow region,

Cxo[T(t+At) - T(t)]

Qa=(d-dp)c+és- At

where da is the heat transported axially from the continuum region into the
incremental volume; x(t) and x(t+At) are the lengths of the continuum region
at times t and t + At, respectively; and Cp is the effective volumetric
heat capacity of the molecular flow region.

Mathematical Model

A single heat pipe, shown in figure 17, was analyzed to determine the per-
formance of the leading edge during testing. The heat pipe is divided into six
sections over which heat input is uniform. . Sections 1u and 1% were assumed
to be initial evaporator sections. To reduce modeling errors, the lengths of
these sections were chosen to be small (L, = Lig = 5.08 em (2 in.)) because of
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the steep gradient in heating near the stagnation region. The lengths
of the other four sections were Ly, = Log = 10.16 cm (4 in.) and
L3u = L3E = 43.2 em (17 in.).

Equations (C2) to (C7) were programmed to calculate continuum and molecular
flow region temperatures and continuum vapor front movement in the upper and
lower sections of the leading edge during startup. Program termination occurs
when either of several criteria are met: a specified time limit or maximum
operating temperature is reached or a steady-state convergence criterion is
satisfied. A logic flow diagram of the program is shown in figure 18.
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TABLE I.- THERMOCOUPLE LOCATIONS

N

y 5 y s -
Thermocouple (a) Thermocouple , (a)
cm in cm in. cm in cm in
by 0 0 0 0 16 -0.6U4|-0.25{-10.41| =41
bo -1.27| -.5 |-3.05|-1.2 17 -.64| -.25] 10.41| 4.1
3 6.99| 2.75 18 ~7.62(-3.0 | -8.79| -3.46
y 5.72| 2.25 19 -.64| -.25|-13.46] -5.30
5 4 45| 1.75 20 -.64| -.25| 13.46 5.30
6 3.18] 1.25 21 7.62] 3.0 |-26.97!-10.62
7 1.91 .75 22 -.64| ~.25(-35.05(-13.8
8 .64 .25 23 : -51.23(-20.17
9 -3.18(-1.25 24 51.23] 20.17
10 -4 451-1.75 25 -24.,26| -9.55
11 -5.721|-2.25 26 24,261 9.55
12 -6.99|-2.75 27 33.24{ 13.085
13 -.64} -.25 28 -43.151-16.99
14 -.64| -.25( 6.1 2.4 29 43.15{ 16.99
15 -.64f -.251-6.1 |-2.4

AMeasured from nose along inside surface of heat pipe.
bl ocated between face sheet and two heat pipes.
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TABLE II.- HEAT FLUX GAGE LOCATIONS

cm

2.54
-6.35
-6.35

2.54

Q

c8.89

in.

Thermopile gage

-2.5

/

alorimeter gage

3.50

aMeasured along outer surface from nose.
bGages used to control output of the three lamp banks.
CThe 2.54-cm (1-in.) diameter calorimeter gages were attached

to the side of the leading edge.

cm

-50.8

-30.48
-12.7

7.62
-20.32

-7.62
-30.48
30.48

5.08

2.54
-5.08
20.32

do.o

20.32
-20.32

50.8
-50.8

(a)

in.

-20.
-12.

-12.

-8.
20.
-20.

dLocation changed to -1.27 em (-0.5 in.) for angles of attack

of 10° and 20°.

OOOOOOOOOOOOO0.0000

OO OOO




Test

TABLE III.- SUMMARY OF TEST CONDITIONS

Angle of
attack, deg

10
20

20

10

2]

he
KW/m?
Stepped hea
239
299
395
294
260

380

Maximum cold-wall stagnation

at flux

ting tests
21.1
26.4
34.8
25.9
22.9

33.5

imulated ree

390

ntry heating

34,4

Btu/ftz-sec

Tmax

K OF

883 } 1130
861 | 1090
922 1200
911 [ 1180
928 | 1210
1022 | 1380
939 {1230
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Stainless steel screen wick
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Hastelloy X skin

Thermocouple lead wires

Figure 1.~ Heat-pipe-cooled leading-edge test model.

L-T4-6010.1
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L-T76-1920.1
Figure 2.- Heat-pipe-cooled leading-edge model during radiant heating test.
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Figure 3.- Normalized cold-wall heating distribution for 0© angle of attack
(test 1).



Reentry aerodynamic heating (ref. 3)

— — Calculated radiant heating (CONFAC II)
O  Thermopile gages

0 Water-cooled calorimeter gages

s/sT

1.0

Figure 4.- Normalized cold-wall heating distribution for 10° angle of attack

(test 7).
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Figure 5.- Temperature history of leading-edge model at
s/sp = 0.0, 0.23, and 0.88 (test 1).
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Figure 6.- Heat pipe continuum region growth. a = 09; sr = 58.4 cm; test 1.
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Figure 7.- Experimental heat pipe temperature distributions (test 1).
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Figure 8.- Uncooled and heat-pipe-cooled leading edge. Test 1; t = 1500 s.
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Figure 9.- Temperature history of leading-edge model at
s/s7 = 0.0, 0.23, and 0.88 (test 7).
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Figure 10.- Heat pipe continuum region growth (reentry simulation test).



i3

Condenser

Vapor flow

—— Aerodynamic heat input
——  Heat radiated away
Net heat input

Evaporator =

Condenser

Figure 11.- Schematic diagram of redistribution of heat energy
with a heat-pipe-cooled leading edge.
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Figure 12.- Heat-transfer performance of heat-pipe-cooled leading edge
at angles of attack of 0° and 10°.
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Figure 13.- Aerodynamic and calculated (radiant heater) heating distribution.
Single heater; a = 09; dq = 2.54 em (1 in.).
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Figure 14.- Normalized form-factor distributions.
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Figure 15.- Schematic diagram of test configurations.
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Figure 16.- Models used to calculate continuum region temperatures and growth.
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Figure 17.~ Analysis model of one heat pipe.
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